Loss of expression of the Fhit protein is often associated with the development of many human epithelial cancers, including lung and cervical carcinomas. Restoration of Fhit expression in cell lines derived from these tumors has however yielded conflicting results, prompting the need for careful evaluation of the oncosuppressive potential of FHIT. In the present study, we have investigated the effect of Fhit reintroduction in seven lung cancer and three cervical cancer cell lines. To achieve efficient gene transfer and high levels of transgene expression, we have used an adenoviral vector to transduce the FHIT gene. The induction of apoptosis was evaluated by using the terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling assay and propidium iodide staining. Activation of caspases was detected by using Western blot analysis, and tumorigenic potential of transduced cells in the nude mouse was also assessed. 
T
he analysis of the chromosomal regions involved in a translocation, t(3;8) (p14.2-q24), segregating in a family with susceptibility to clear cell renal cancer, led in 1996 to the identification in 3p14.2 of the fragile histidine triad (FHIT) gene (1) . The gene spans almost 2 Mb of genomic DNA, including FRA3B, the most active among the aphidicolin-inducible common fragile sites. Genomic rearrangements, altered mRNA transcripts, and absence or reduction of the Fhit protein have been reported in numerous epithelial cancers, including lung, bladder, breast, and cervical carcinomas (2) (3) (4) (5) (6) . Fhit alterations are detected very early in lung and esophageal carcinogenesis (2, 7) , and it has recently been suggested that they might also have a prognostic value in the prediction of the malignant potential of high-grade squamous intraepithelial lesions of the uterine cervix (6) . The detection of FHIT mRNA alterations also in normal tissues (8) and the location of the gene in a region prone to stress-induced damage, however, created concern that some of the genetic changes observed might reflect just an intrinsic instability, exacerbated during the rapid growth of cancer cells, rather than being causally related to the development of neoplasia. Studies designed to ascertain the tumor suppressor activity of FHIT included its transfer into cancer cells by using plasmids (9) (10) (11) (12) and retroviral (13) and adenoviral vectors (14) (15) (16) . The results obtained have been somewhat conflicting, with some reports showing efficient suppression of the tumorigenic phenotype at least in some cell types (9, 11, 12, (14) (15) (16) and others failing to detect any difference between Fhit reexpressing cells and the parental cell lines (10, 13) . Although some of these results could reflect differences among the cell types tested, it is also possible that they could be due to the efficacy of gene transfer and protein expression. To obtain efficient gene transfer and high levels of transgene expression, we therefore used an adenoviral vector to study the effects of FHIT reintroduction in a panel of cancer cell lines representing the major histological subtypes of lung cancer and in three cell lines established from cervical carcinomas. Our analysis of the effect of FHIT gene transfer on apoptosis, on cell growth kinetics, and on in vivo tumorigenicity demonstrates that Fhit has a broad oncosuppressive activity and strengthens the hypothesis of its possible use in diagnostic and therapeutic applications.
Materials and Methods
Cell Lines. Lung cancer cell lines H460, A549, Calu-1, Calu-3 and SK-MES and cervical cancer cell lines SiHa, HeLa, and CaSki were purchased from the American Type Culture Collection. Lung cancer cell lines AFL and POVD were originally established at the Istituto Nazionale Tumori. Characteristics of the cell lines used in this study are summarized in Table 1 .
Stable Fhit-transfectants of line H460, clones 2.I and 2.3, have been described (11) ; briefly, these clones were obtained by transfecting H460 cell line with vector pRc͞CMV (Invitrogen) containing FHIT-Flag cDNA and selecting transfected cells with G418 at a concentration of 700 g͞ml. All lines were cultured in RPMI 1640 supplemented with 10% heat-inactivated FCS (Bio Whittaker).
four freeze-and-thaw cycles. The viral supernatants were used for sequential infection of 293 cells in soft agar. Ten days postinfection, the resulting plaques were picked under microscope observation, and the presence of Ad5-Fhit recombinant virus in well-isolated plaques was confirmed by PCR analysis and Western blots on infected cells. The absence of replicationcompetent virus was also confirmed by PCR and plaque assays on nonpermissive cell lines. Recombinant Ad5-Fhit was subsequently expanded by sequential rounds of infection on 293 cells and purified by the CsCl gradient method. Titers of all of the recombinant adenoviral vectors were estimated by using two different methods (plaque assay and tissue culture infectious dose method), always run in duplicate, to assure that equal amounts of Ad5-Fhit and control vectors were used in all experiments.
Terminal Deoxynucleotidyltransferase-Mediated dUTP Nick End Labeling (TUNEL) Assay. Analysis of apoptosis was performed by using TUNEL. Cells were plated at 2 ϫ 10 6 cells͞100-mm Petri dish, and the following day adenoviral vectors were added at a minimum multiplicity of infection (moi) of 5 in 4 ml of culture medium without serum. After 4 h, new medium was added and the cells were cultured 3-5 days before analysis. Preparation of cells for analysis of apoptosis was performed as follows: 2 ϫ 10 6 cells per sample were fixed with 2% paraformaldehyde in PBS (10 min on ice), washed three times with TBS (50 mM Tris⅐HCl in saline solution, pH 7.5), permeabilized with ice-cold acetone (1 min on ice), and washed twice in TBS and once in distilled water. Staining was performed by incubating cells for 1 h at 37°C in a humidified atmosphere in the dark in 25 l (final volume) of TUNEL reaction mixture (In Situ Cell Death Detection Kit, Fluorescein; Roche, Mannheim, Germany). Cells with fragmented DNA appeared positive at the analysis of green fluorescence on the FACSCalibur cytometer (Becton Dickinson). Apoptotic cells were defined on the basis of negative controls represented by cells mock infected, infected with a control adenovirus (lacZ), and by cells treated with TUNEL reaction mixture without the enzyme. Positive controls for enzyme activity were represented by ␥-irradiated cells (20,000 rad).
Cell Cycle Analysis. Distribution of the cells in the cell cycle was determined by propidium iodide staining and FACS analysis. Briefly, 2 ϫ 10 5 cells were incubated overnight at 4°C in 0.2 ml of hypotonic fluorochrome solution, containing 50 g͞ml propidium iodide (Sigma), 0.1% sodium citrate (Sigma), and 0.1% Triton X-100 (Sigma). Analysis was performed with FACScan cytometer (Becton Dickinson). Cells with subdiploid DNA content were considered apoptotic cells. Cell cycle distributions were analyzed by the CELL FIT software package.
Cell Lysate Preparation and Western Blot Analysis. Cell pellets were washed twice with PBS, resuspended in solution A (125 mM Tris⅐HCl, pH6.8͞5% SDS), incubated at 95°C for 2 min, and immediately stored on ice. An equal volume of solution B (125 mM Tris⅐HCl, pH6.8͞5% SDS͞1 mM EDTA͞20 g/ml each of aprotinin, leupeptin, and pepstatin͞2 mM PMSF) was then added before sonication and centrifugation at 13,000 ϫ g for 10 min. The protein concentration in the supernatant was quantified by using a bicinchoninic acid-based method (Micro BCA Protein Assay Reagent Kit; Pierce), and 30 g of each sample was subjected to SDS͞PAGE. The gel was blotted, and the membrane was blocked in 5% nonfat dry milk in PBS for 30 min at room temperature before overnight incubation at 4°C with the primary antibody. Antibodies used for the study were as follows: anti-Fhit 71-9000 (Zymed), anti-caspase-8 monoclonal antibody C-15 (gift from P. Krammer, Deutsches Krebsforschungszentrum, Heidelberg, Germany), anti-FADD A66-2 (PharMingen). As a control for uniformity of loading, we used an anti-actin antibody (Sigma). After incubation with the primary antibody, the membranes were washed, incubated for 1 h with peroxidaseconjugated secondary antibody, and then treated with the ECL Western blotting detection system (Amersham Pharmacia), according to the manufacturer's instructions.
CH-11 Treatment. H460 cells, clones 2.I and 2.3 were incubated in the presence of CH-11 (agonistic anti-human Fas monoclonal antibody, Upstate Biotechnology, Lake Placid, NY) at a concentration of 0.3 g͞ml in culture medium. At different time points, cells were harvested, and lysates were prepared as described for Western blot analysis. Positive control for CH-11 activity was represented by the Jurkat cell line.
In Vivo Studies. All animal studies were performed according to institutional guidelines. H460, A549, SK-MES, and SiHa cells were transduced in vitro at an moi of 10 with Ad5-Fhit, Ad5-lacZ, or Ad5-GFP. Two or 4 days after transduction, cells were counted, and 1 ϫ 10 6 (H460, SK-MES), 4 ϫ 10 6 (A549), and 5 ϫ 10 6 (SiHa) viable cells were injected into the right flank of 6-week-old female nude mice, four to six mice per group. All experiments were repeated at least twice and gave similar results. Tumor size was measured with a linear caliper three times per week for up to 3 months, and volume was estimated by using the equation V ϭ (a ϫ b 2 )͞2, where a is the larger dimension and b the perpendicular diameter.
Results

Proapoptotic Effect of Adenoviral-Mediated Expression of Fhit.
Most of the lines used in this study had low or undetectable levels of endogenous Fhit protein as measured by Western blot analysis ( Fig. 1 and Table 1) , with the exception of Calu-3 and CaSki cell lines, as reported (13, 17) . Transduction with the adenoviral vector containing FHIT cDNA (Ad5-Fhit) resulted in efficient expression of the transgene in all of the lines tested within 2 days (Fig. 1) , and all of the experiments were performed 3-5 days after transduction. Preliminary experiments showed a higher level of Fhit-induced apoptosis in serum starvation conditions (data not shown), and these conditions were therefore used throughout the study.
To analyze the proapoptotic effect of Fhit reintroduction, we performed TUNEL analysis of cells transduced with the Fhit vector, with an adenoviral vector containing lacZ as a control insert (Ad5-lacZ) or mock infected. The level of apoptosis, as measured by flow cytometry, was variable and ranged from 10% to 64% depending on the cell line; only Calu-3 and CaSki cells seemed to be resistant. Results are summarized in Table 1 , and representative examples of the FACS analysis are shown in Fig.  2 . The highest levels of Fhit-induced apoptosis were observed in Calu-1 (64%), H460 (53%), and A549 (46%). Consistently with these observations, Fhit-transduced cells from the susceptible cell lines showed reduced growth rate, with only few cells retaining viability 5 days posttransduction (data not shown). Overall, these results show a broad proapoptotic activity of the Fhit protein in several cancer cell lines.
Effects on the Cell Cycle. By using propidium iodide staining, distribution of Fhit-transduced cells in the cell cycle was compared with untransduced and lacZ-transduced cells. In the H460 cell line at 3 days postinfection, we observed an increase in the number of cells in the G 2 phase or at the S-G 2 boundary (13% vs. 6% of lacZ-transduced control, Fig. 3 ). This effect was visible before any evidence of apoptosis could be detected by TUNEL analysis. Prolonged observation of cells undergoing apoptosis (5 days postinfection) showed accumulation of cells in the G 1 and S phases associated with massive cell death (appearance of a sub-G 0 population). An early effect of Fhit reexpression could therefore be the induction of a G 2 block, with subsequent activation of the apoptotic program.
Analysis of the Apoptotic Pathway in FHIT-Reexpressing Cells. We previously reported that clones of the H460 cell line in which the expression of the Fhit protein was restored by a plasmid construct showed reduced growth in vitro and in vivo, high apoptotic rate, and altered cell cycle kinetics, as compared with the parental cell line (11) . To investigate the molecular mechanism of the oncosuppressive activity of FHIT, we studied in two clones (2.3 and 2.I) the expression of molecules involved in the apoptotic cascade. Western blot analysis revealed cleavage of caspase substrates such as poly(ADP-ribose) polymerase (PARP) and ␤-catenin, especially in serum starvation conditions (data not shown). The activated forms of caspase-8 were readily detectable in the lysates of Fhit-reexpressing cells (Fig. 4) . On the contrary, analysis of mitochondrial mediators of apoptosis, such as Bcl-2 and Bcl-XL, had failed to detect any difference between clones and parental cell line, suggesting that the proapo- ptotic effect of Fhit could be mainly mediated at the cytoplasmic level (11) . To test this hypothesis, we treated H460 cells and clones 2.3 and 2.I with a Fas agonistic antibody (CH-11) to evaluate the response to external apoptotic stimuli transduced through the caspase-8 pathway. Although expression of the Fas receptor was comparable in all of the cells, clones 2.3 and 2.I displayed a very high sensitivity to CH-11 treatment, showing cleavage of the 55-kDa pro-caspase-8 into the active p43͞p41 and p18 subunits as early as 24 h after CH-11 addition (Fig. 5) . Morphological examination of the cultured cells confirmed the presence of cells displaying clear apoptotic features. Complete apoptosis in Fhit-reexpressing clones was achieved in 5 days whereas the control parental cells exhibited only mild toxicity.
To clarify the connection between Fhit and the Fas-activated apoptotic pathway, we investigated the status of the adapter molecule Fas-associated death domain protein (FADD) in clones 2.I and 2.3 because FADD recruitment to the death inducing signaling complex (DISC) is required for transduction of Fas death signal (18, 19) . Western blot analysis with anti-FADD-specific antibody revealed down-regulation in both 2.I and 2.3 (Fig. 5) . One possible explanation for this finding, taking into account the observation that Fhit-reexpressing clones are highly susceptible to apoptosis induction, is the establishment of a compensatory mechanism during stable transfectants isolation that would allow survival of endogenously Fhit-negative cells with high exogenous Fhit expression. In conclusion, the analysis of the apoptotic mechanism in Fhit stable transfectants could then indicate a possible synergy between FADD and Fhit in a caspase-8-mediated apoptotic pathway.
Ad5-Fhit-transduced cells were also analyzed by Western blot to investigate the molecular basis of the apoptotic induction. As expected in this assay, we could detect consistent activation of caspase-8 as indicated by the appearance of the active subunits (Fig. 4) .
In Vivo Experiments. Inoculation in the nude mouse of in vitro transduced cells revealed a strong anti-tumorigenic effect of Fhit expression (Fig. 6) . Whereas untransduced cells and cells infected with control adenoviruses always produced tumors of comparable size, Ad5-Fhit-transduced cells either lost their tumorigenic potential (H460, SK-MES) or produced tumors of considerably smaller size when compared with controls (SiHa, A549). In particular in four different experiments, more than 20 animals were injected with Fhit-reexpressing H460 cells, and all of the animals remained tumor free for more than 3 months. In two different experiments, eight animals were injected with Ad5-Fhit-transduced SK-MES cells, and no animal developed detectable tumor in over 4 months of observation.
Discussion
Although chromosomal deletions on the short arm of chromosome 3 are frequent in different types of human epithelial cancer (20) and the loss of expression of the Fhit protein seems to be one of the most common findings in lung cancer (2) , only a few functional studies have addressed the issue of the effect of restored FHIT expression in cancer cells lacking the endogenous protein. Studies performed by using plasmids as gene transfer tools have resulted in different outcomes depending on the cell line transfected and the number of clones analyzed: suppression of growth potential, induction of apoptosis, effects on the cell cycle, and inhibition of tumorigenicity in nude mice have all been reported in Fhit-reexpressing cells from lung (11), renal (12) , and stomach cancer (9) , but other studies have reported lack of effect on cervical cancer cell lines (10) . The use of a retroviral vector as a more efficient gene delivery system has also resulted in the questioning of the relevance of the FHIT gene as a tumor suppressor in lung cancer because of the observation that restored expression in the H460 cell line didn't correlate with a change in the tumorigenic phenotype (13) . The use of adenoviral vectors on lung and head and neck cancer cell lines (14) and, more recently, also on esophageal (15) and pancreatic cancer cell lines (16) showed an antitumorigenic effect of the Fhit protein.
To clarify the potential of Fhit in gene therapy strategies, we analyzed the effect of adenoviral-mediated reintroduction of the FHIT gene expression in a panel of lung and cervical cancer cell Fig. 3 . Effects of Fhit reexpression on the cell cycle. Distribution of H460 cells in the cell cycle was analyzed by propidium iodide staining. The percentage of cells in G 0͞G1, S, and G2 was, respectively, 81.6%, 12.4%, and 6% for Ad5-lacZ-infected cells (lacZ) and 80.2%, 6.6%, and 13.2% for Ad5-Fhit-infected cells (Fhit) 3 days postinfection (3d) and 84.4%, 10.1%, and 5.5% (lacZ) and 71.5%, 27.5%, and 1% (Fhit) 5 days postinfection (5d). lines. Our results clearly show that, when the expression of Fhit is fully restored, there is a sharp increase in the sensitivity of cancer cells to apoptotic stimuli, an alteration on the cycling properties, and a reduction of the tumorigenic potential in vivo. Although different cell lines displayed different sensitivity to Fhit-induced apoptosis, it is interesting to note that cell lines from all major different histological subtypes of lung cancer could be driven into apoptosis and lost their in vivo tumorigenicity. Some of the effects observed after FHIT gene transfer could be increased by putting the cells in stressful conditions, i.e., serum deprivation or external apoptotic stimuli, suggesting that Fhit might act as a mediator of the apoptotic response. Consistent with this hypothesis is the observation that clones from the H460 lung cancer cell line stably overexpressing Fhit are highly susceptible to Fas-mediated apoptosis compared with the parental cell line.
In our study, Fhit-induced apoptosis was always associated with activation of the caspase-8 pathway: caspase-8 cleavage and activation of the effector caspase-3, detected as cleavage of the poly(ADP-ribose) polymerase substrate, were detectable a few days after restoration of Fhit expression. The possibility that Fhit could increase the efficiency of the cytoplasmic caspase-8-dependent pathway of apoptosis seems to be substantiated also by two other observations: the decreased level of FADD observed in stable clones expressing high levels of Fhit, suggestive of a possible ''adaptive'' response to survive in the presence of a proapoptotic stimulus, and their very rapid apoptotic response to Fas treatment.
Adenoviral-mediated FHIT gene transfer also had a major effect in decreasing the in vivo tumorigenic potential of different cell lines. The tumorigenicity of the lung cancer cell lines H460 (large cell carcinoma) and SK-MES (squamous cell carcinoma) was completely suppressed by Ad5-Fhit treatment, and a significant reduction in tumor size was observed in animals injected with A549 (lung adenocarcinoma) and SiHa (cervical cancer) cells. A previous study also found suppression of in vivo tumorigenicity of H1299 and A549 lung carcinoma cell lines transduced with an adenovirus expressing Fhit (14) , whereas others have reported lack of effect of Fhit reintroduction in H460 cell line by using a retroviral vector (13) . In our experiments, H460 cells were consistently suppressed after Fhit transduction, and no evidence of tumor growth was observed in more than 20 mice Fig. 6 . Adenoviral-mediated Fhit expression suppresses in vivo tumorigenicity in lung and cervical cancer cell lines. Cell lines were infected in vitro with Ad5-Fhit, control adenoviruses (Ad5-GFP or Ad5-lacZ), or mock infected (PBS) and then injected s.c. into nude mice (four to six animals per group). All experiments were repeated at least twice, and representative results are reported as the mean for each treatment group. Although variability in tumor sizes was observed in some treatment groups, Fhit expression completely suppressed tumorigenicity of H460 and SK-MES cell lines, and the differences between the tumor volumes in the groups injected with control vectortreated cells and mock-infected cells were not significant (Student's t test, two-tail; P ϭ 0.39 for H460, P ϭ 0.27 for SK-MES, P ϭ 0.37 for SiHa, and P ϭ 0.34 for A549 cells). A significant reduction (P Ͻ 0.05) of tumor size was observed in Ad5-Fhit-treated SiHa and A549 cells compared with untreated (P ϭ 0.008 for SiHa and P ϭ 0.025 for A549) or Ad5-lacZ-treated cells (P ϭ 0.001 for SiHa and P ϭ 0.022 for A549 cells). In our hands, this quantity is sufficient to yield rapid tumor growth in all of the control animal treated, and the use of a larger number of cells doesn't result in a proportionally bigger tumor (our unpublished observation). By using more cells than the quantity needed to establish the tumor, it is therefore possible that anti-tumor activity could be masked or underestimated by rapid outgrowth of unsuppressed cells (either untransduced or expressing a low level of the protein and therefore resistant to the proapoptotic effect of Fhit).
Even though multiple studies have reported lack of protein expression in a large percentage of cervical cancers, functional studies have failed to show oncosuppressive properties of the protein when reintroduced in HeLa and CH-3 cells (13) . We found evidence of proapoptotic effect of Fhit in HeLa and SiHa cells, and the in vivo growth of Ad-Fhit-transduced SiHa cells was potently suppressed, confirming an important role of FHIT in cervical carcinogenesis.
One point that remains to be elucidated is the precise mechanism of action of Fhit, in the interest of identifying interacting proteins whose status could influence the efficacy of FHIT gene transfer. Our analysis of the apoptotic pathway induced by Fhit reexpression seems to indicate a role in the cytoplasmic pathway, but further studies are needed to confirm these data and to extend the observation in other cell types.
The potential of Fhit as a gene therapy tool was recently substantiated by experiments conducted in Fhit-deficient mice (21) , where the high susceptibility to carcinogen-induced tumors could be reverted by treatment with Fhit-expressing adenoviral or adeno-associated vectors (22) . It has also to be noted that cells expressing conspicuous levels of endogenous Fhit protein seem to be insensitive to exogenous Fhit overexpression (9, 14) , suggesting that transgene-associated toxicity should be low in gene therapy applications.
In conclusion, our data present evidence of efficient induction of apoptosis and suppression of in vivo tumorigenicity of lung and cervical cancer cell lines by an adenoviral vector transducing the FHIT gene and suggest the possibility of its use in clinical applications against these malignancies.
